Abstract Background: Contaminated dental unit waterlines (DUWLs) are a known source of specific health care-acquired infections because of the difficulty in keeping them clean during routine dental practice. Recently, an electrolysis apparatus that uses only the chlorine normally present in municipal water, the Poseidon-S system, was developed as a novel additive-free disinfectant system to control microbial contamination in DUWLs. Methods: The microbiological quality of water samples collected from DUWLs was assessed before and after installation of the Poseidon-S system in terms of the total viable counts (TVCs) of microorganisms. The microbicidal effects of the electrolyzed water against oral organisms and its cytotoxicity against human oral-derived cell lines were also examined. Results: Water samples from the DUWLs initially had average microbial TVCs of 10 3 e10 6 colony-forming units (CFU)/mL. After installation of the Poseidon-S system, the number of microorganisms in the water samples decreased to less than 1 Â 10 2 CFU/mL. The electrolyzed water also exhibited remarkable microbicidal effects on the microorganisms present in the DUWLs as well as microorganisms commonly isolated from human oral cavities, but showed low cytotoxicity towards human oral-derived cells.
Introduction
Studies conducted over the last 40 years have demonstrated that the water output from dental unit waterlines (DUWLs) is often contaminated with high densities of environmental microorganisms such as aerobic heterotrophic bacteria. 1e3 The American Dental Association (ADA) established a recommendation that, by the year 2000, water used for nonsurgical procedures should contain no more than 200 colony-forming units per milliliter (CFU/mL) of aerobic, mesophilic, or heterotrophic bacteria in unfiltered output from DUWLs (American Dental Association 1996). 4 Nevertheless, DUWLs typically used in dental practices are rarely disinfected, and bacterial contamination levels >10 2 e10 6 CFU/mL have regularly been reported. 1, 5, 6 In particular, the formation of biofilms presents difficulties in maintaining clean DUWLs during routine dental practice. 5 Many contaminating microbial genera have been isolated and identified in water samples collected from dental units (DUs). 1e3 Previous studies have focused on the effectiveness of numerous disinfectants used for the cleaning and maintenance of DUWLs. 7e9 In recent years, the use of herbal disinfectants such as Aloe vera solutions, as an alternative to chemical disinfectants has also been examined. 10, 11 However, their efficacy is not well recognized. Due to its low toxicity, electrolyzed water has also attracted attention as an effective disinfectant in various fields, including agriculture, food industries, 12, 13 medicine, 14 and dentistry. 15e17 Recently, an electrolysis apparatus known as the Poseidon-S (Self Medical Co., Kyoto, Japan) was developed as a novel disinfectant system. The Poseidon-S system controls microbial contamination in DUWLs without the need for sodium chloride solutions and provides high quality water to patients. In this system, a sensor detects the flow of water and supplies an electric current to the electrolyzer to oxidize the chloride ions (Cl e ) in water to chlorine (Cl 2 ). The chlorine immediately reacts with water to form hypochlorous acid (HClO) and hypochlorite ions (ClO e ), which, like free chlorine, have strong microbicidal effects. 18, 19 Typically, electrolyzed neutral water is produced by mixing municipal water and a solution obtained by electrolyzing sodium chloride. 20 Such water is characterized by a pH of 5.5e7.5, an oxidation-reduction potential (ORP) of 600 mVe800 mV, and a chlorine concentration of w20 ppm. 15 However, the advantage of the Poseidon-S system is that sodium chloride is not required to produce electrolyzed water, allowing for a direct connection to DUWLs and eliminating the cost of additives.
The purpose of the present study was to investigate the microbicidal effects of the electrolyzed water produced by the Poseidon-S system (hereafter, P-water) on microorganisms from DUWLs and assess any cytotoxic effects on cell lines derived from the human oral cavity. This study was performed to verify the safety and efficacy of the Poseidon-S system applied to DUs for reducing the microbial contamination of the water output from DUWLs.
Materials and methods

Measurement of residual chlorine
Residual chlorine levels in municipal water and P-water were measured using a Chlorine Meter (Hach Chlorine Pocket Colorimeter II 58700-00; Hach Company, Loveland, CO, USA). pH and ORP were determined using a pH meter (F-51; Horiba Co. Ltd., Kyoto, Japan), with a pH electrode (9680-10D; Horiba Co. Ltd.) or an ORP electrode (9300-10D; Horiba Co. Ltd.), respectively.
Collection of water samples from DUWLs before installation of the Poseidon-S system Two DUs (DU-A and DU-B; Yoshida Dental Mfg. Co., Ltd., Tokyo, Japan) were selected from the available units at the Dental Hospital of the Health Sciences University of Hokkaido in Hokkaido, Japan. The DUs were linked to the municipal water system and had been used for daily dental work for 20 years. Although the DUs were regularly flushed, they were only cleaned for the first time during the present study. However, this is not surprising since typically DUWLs are rarely disinfected, and bacterial contamination levels greater than 10 2 e10
6 CFU/mL have been regularly reported. 1, 5, 6 The total viable counts (TVCs) in the DUWLs in the current study were evaluated before installation of the Poseidon-S system, and it was found that the measured TVCs were within this range. These DUs were not used for dental work during the water sample collection period. Water samples (5 mL) were collected from the DUs at three sampling locations within the system: the air/water syringe (dentist's side), the high-speed dental handpiece, and the cup filler.
During the first 3-week period, both DUWLs were flushed four times a day (at 09:00, 12:00, 15:00, and 18:00) for 3 minutes each, every day from Monday to Friday. The water samples were collected after flushing at 09:00 on Tuesdays and Thursdays for the weekday water samples (WD-water; six samples per DU, 12 total). After weekends, during which no flushing occurred, weekend water samples were collected after flushing at 09:00 on Monday (WEwater; three samples per DU, six total). During the second 3-week period, the DUWLs of both DUs were flushed only on Monday at 09:00, 12:00, 15:00, and 18:00. Then, they were left undisturbed for 7 days, after which they were flushed on the following Monday at 09:00, and "after-vacation" water samples were collected (AV-water; three samples per DU, six in total).
Evaluation of the TVCs of microorganisms in water samples collected before installation of the Poseidon-S system
The microorganisms in 1 mL water samples collected from the DUs before installation of the Poseidon-S system were harvested, and serial 10-fold dilutions of the samples were prepared. Then, 0.1 mL aliquots of each sample were inoculated onto R2A agar plates. 21 The microorganisms were then cultured aerobically at 25 C for 5e7 days to determine the TVCs, according to the guidelines established for culturing heterotrophic bacteria in the Standard Methods for the Examination of Water and Wastewater.
Cleaning of the DUWLs and installation of the Poseidon-S system
Before installation of the Poseidon-S system, the DUWLs of DU-A and DU-B were filled with a 1.25% (w/v) sodium hydroxide (alkaline) solution for 1 hour to clean the lines. The DUWLs were then thoroughly rinsed by running municipal water through them until neutralized. After cleaning, DU-A was reconnected to the municipal water system via a Poseidon-S system, whereas DU-B was reconnected to the municipal water system without a Poseidon-S.
Collection of water samples from DUWLs after installation of the Poseidon-S system
Water samples were collected from the two DUs using the same protocol as described above, except they were collected over a period of 12 weeks (with WE and WD samples taken in the first 6 weeks, and AV samples in the second 6 weeks). The TVCs of the microorganisms in each water sample (12 WD-water samples per DU, 24 samples total; six WE-water samples per DU, 12 samples total; and six AV-water samples per DU, 12 samples total) were determined using the same method used to assess the water samples collected before installation of the Poseidon-S system.
Growth conditions for typical oral microbial species
Seven Gram-positive bacteria, four Gram-negative bacteria, and one fungus (Table 1) were used as typical oral microorganisms to investigate the microbicidal activity of P-water. The oral bacterial species were maintained at 37 C in an anaerobic chamber with an atmosphere of 80% N 2 , 10% H 2 , and 10% CO 2 on braineheart infusion broth (BHI broth; BD Diagnostic Systems, Sparks, MD) plates containing 1.5% (w/v) agar and supplemented with 5 mg/mL hemin, 4 mg/mL menadione, and 5% (v/v) defibrinated sheep blood (BHI-HM blood agar plate). Candida albicans was maintained on Sabouraud agar plates at 37 C under aerobic conditions.
Assay for microbicidal activity against oral microorganisms
Oral microbial cells were collected from agar plates using sterilized cotton swabs, dispersed into sterilized phosphate-buffered saline (PBS), and washed three times by centrifugation. The cells were then suspended in PBS at a concentration of 10 7À8 CFU/mL (OD 660 Z 1). One milliliter of the microbial cell suspension was centrifuged and incubated with 1 mL of freshly prepared P-water at room temperature. After 5 minutes, the treated microorganisms were washed with PBS three times by centrifugation and then resuspended in PBS. After preparing serial 10-fold dilutions, 0.1 mL of the suspension was inoculated onto agar plates and incubated for 5e7 days to estimate the TVCs of each microorganism. PBS was used as a negative control.
Measurement of P-water cytotoxicity
To confirm the safety of using P-water in oral care, cytotoxicity studies were performed using established human gingival fibroblasts (HGF) and a human oral epidermoid carcinoma cell line (KB). Cytotoxicity was determined by using a water-soluble tetrazolium salt (WST-1) (Roche Table 1 List of microorganisms used for the microbicidal assay.
ATCC Z American Type Culture Collection (Manassas, VA, USA); JCM Z Japan Collection of Microorganisms (Saitama, Japan).
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Diagnostics, Mannheim, Germany) cell proliferation assay, which is based on the conversion of WST-1 to formazan by mitochondrial dehydrogenases. Cells were maintained at 37 C in a humidified atmosphere containing 5% CO 2 and 95% air in Dulbecco's modified Eagle's medium (DMEM; GIBCO BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 mg/mL streptomycin. Cells were cultured in 96-well plates and incubated with P-water, municipal water (pH 7.2 AE 0.1, residual chlorine concentration of 0.1 ppm), strong acid electrolyzed water 22 (SAEW; pH 2.8, residual chlorine concentration of 10 ppm; Aoi Engineering Inc., Shizuoka, Japan), or 0.05% chlorhexidine gluconate (CHX) for 5 minutes. After the cells were washed three times with DMEM and incubated for an additional 0.5e2 hours, the resulting formazan product was quantified by measuring the absorbance at 450 nm using a scanning multiwell spectrophotometer (TECAN Infinite 200; Tecan Deutschland GmbH, Crailsheim, Germany). Values are expressed as mean AE SD of three independent experiments.
Statistical analysis
Data were analyzed by using Student t test, one-way ANOVA followed by Tukey's post hoc test using IBM SPSS Statistics 22 (IBM Japan Inc., Tokyo, Japan). In all analyses, differences with p < 0.05 were considered statistically significant.
Results
Characteristics of P-water
The residual chlorine concentration of municipal water was 0.1e0.2 ppm, and the mean residual chlorine concentration in freshly obtained P-water was 21 AE 1 ppm. The mean pH and ORP (mV) values of the P-water were 7.2 AE 0.1 and 793.7 AE 9.3 mV, respectively. No changes were observed in the residual chlorine concentration, pH, or ORP values of the P-water following storage in stoppered polypropylene tubes at room temperature for 18 hours (data not shown).
Microbial contamination of DUWLs
The TVCs of microorganisms detected in the water samples collected from DU-A and DU-B prior to installation of the Poseidon-S system ranged from 9.8 Â 10 3 to 4.6 Â 10 6 CFU/ mL, and no significant differences in TVCs were found between the two DUs, although they varied slightly according to sampling location (Figure 1 ). After 18 hours of exposure to P-water, the microorganisms from these samples failed to form colonies on R2A agar plates (data not shown).
Effect of the Poseidon-S disinfectant system on the TVCs of microorganisms
The TVCs of the microorganisms in water samples from DU-A and DU-B after installation of the Poseidon-S in DU-A are shown in Figure 2 . The TVCs of WD-water from the handpiece and cup filler line of DU-A were reduced to <10 CFU/ mL. The TVCs in the WD-water from the syringe, all WEwaters, and all AV-waters from DU-A, were 10e100 CFU/ mL. In contrast, the microbicidal effect of cleaning DU-B with an alkaline solution was short lived (Figure 2 ). This shows that the Poseidon-S system achieved a significantly better long-term (i.e., at least 6 weeks) antimicrobial effect than the control (i.e., no system) after cleaning with an alkaline solution (syringe, n Z 24, p < 0.01; handpiece, n Z 24, p < 0.01; cup filler, n Z 24, p < 0.01; total, n Z 72, p < 0.01). The high TVCs in the DU-B samples suggest that cleaning with an alkaline solution is not sufficient to control microbial growth in DUWLs.
The microbicidal activity of P-water against oral microorganisms P-water was found to reduce the viability of typical oral microbial cells from 10 8 to 10 6 CFU/mL, and it exhibited similar microbicidal activity against Gram-positive and Gram-negative species (Figure 3) . This reduction represents a microbicidal rate of >98.1%. No growth of C. albicans was observed after treatment with P-water.
Cytotoxicity of P-water
The effect of P-water on the survival of human oral-derived cells was assessed. P-water was most toxic for HGF cells and least toxic for KB cells. However, a 5-minute treatment with P-water exhibited lower cytotoxicity than a 5-minute treatment with 0.05% CHX (Figure 4 ). There was no significant difference between the cytotoxicity of P-water and municipal water.
Discussion
The pH and ORP values of the water produced by the Poseidon-S indicate that, despite the lack of additives, this Figure 1 . Microbial quality of output water from test dental units (DU-A and DU-B). Mean total viable counts (TVCs) of microorganisms (CFU/mL) in water samples collected from each sampling location at various sampling intervals.
water can be classified as electrolyzed neutral water, which is known to exhibit excellent stability and bactericidal effects. 18, 23 The mean residual chlorine concentration in the P-water was 21 AE 1 ppm, which was higher than that in the municipal water samples (0.1e0.2 ppm). Before installation of the Poseidon-S system, the TVCs of the microorganisms in the DUs ranged from 10 3 to 10 6 CFU/mL (Figure 1 ). Even after cleaning, the TVCs returned to precleaning levels within 3 months, suggesting that regularly sanitized DUs may be just as contaminated as those that are never sanitized. In many studies, the levels of microbial contamination in DUWLs have been shown to exceed the maximum recommended levels in the ADA guidelines (200 CFU/mL). Although the microorganisms isolated from the water Figure 2 . Total viable counts (TVCs) of microorganisms (mean AE SD, CFU/mL) in weekday (WD), weekend (WE), and "aftervacation" (AV) water samples from dental unit waterlines (DUWLs) after installation of the Poseidon-S system. samples in the present study were not identified, their growth on R2A agar under aerobic conditions suggests that they may be aerobic, heterotrophic microorganisms.
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Lower levels of contamination were detected in the cup filler water samples than in those from the syringes and dental handpieces, and no significant differences were observed between the latter two, which was in agreement with previous reports. 24 Although the exact reason for this difference is not known, it may be attributed to the fact that the cup filler is made of materials that are less hospitable to microbes and that water runs through its lines more frequently. In addition, the current study results indicate that prolonged periods without using or cleaning the DUs result in higher levels of contamination.
After the DUs were cleaned and the Poseidon-S system was installed, the TVCs of the water samples from DU-A decreased to <100 CFU/mL. These contamination levels easily met the 200 CFU/mL criterion specified in the ADA guidelines. Furthermore, although the TVCs of the WDwater and WE-water collected from DU-B were very low soon after cleaning with an alkaline solution, they quickly increased over time, reaching precleaning levels within 1 week. The current study findings indicate that the Poseidon-S system effectively reduced the number of microorganisms in DUWLs by at least 99.8e99.9%; this is as effective as the acidic electrolyzed water used by Kohno et al. 17 P-water was shown to significantly reduce the viability of 11 species of oral bacteria, including both Gram-positive and Gram-negative bacteria (Figure 3 ). These findings corroborate previous reports of electrolyzed municipal water reducing the viability of periodontopathogens such as Actinobacillus actinomycetemcomitans 25 and bactericidal action against organisms isolated from infected root canals. 15 In the present study, C. albicans was completely undetectable after treatment with P-water for 5 minutes, suggesting that P-water is efficacious against not only oral bacteria, but also against pathogenic fungi. These findings echo a previous study in which treatment with electrolyzed neutral water for 1 minute substantially reduced the TVCs of C. albicans.
The cytotoxicity of SAEW against pulp cells has been reported as milder than a sodium hypochlorite solution. 22 Although the current study did not include the latter as a comparison, P-water was found to be substantially less cytotoxic to oral-derived cells than 0.05% CHX (Figure 4) . CHX, a cation-active compound that remains on the skin, may have more lasting effects than P-water, which functions through negatively charged hydroxyl radicals that oxidize key metabolic systems. Further study is needed to test this hypothesis.
In addition to its substantial microbicidal properties, the advantages of P-water include the fact that it does not create environmental pollution because it regains the characteristics of "normal," unelectrolyzed water upon contact with organic materials. Therefore, P-water is useful and safe not only for patients but also for the environment. The current study showed that the DUs used had a high level of microbial contamination prior to cleaning. The TVCs of water samples from these DUWLs ranged from 10 3 to 10 6 CFU/mL; however, this contaminated water was completely disinfected by treatment with the water produced by the Poseidon-S system. Moreover, after installation of the Poseidon-S system, the TVCs in water samples from the DUWLs were significantly reduced. Pwater exhibited microbicidal effects on oral microorganisms, and its microbicidal activity against C. albicans was especially potent. Furthermore, P-water exhibited very low cytotoxic activity against human oral-derived cells, even compared to 0.05% CHX.
Conclusion
All of the results obtained in this study indicate that the Poseidon-S system is an effective, additive-free disinfection system that reduces the microbial contamination of DUWLs and provides high quality water that is clean and safe for both patients and the environment.
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